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Chapter 1

Introduction

The IBC is a public key cryptosystem where a user’s public key is derived from his/her

well-known ID (IDentity). In 1984, Shamir introduced the concept of IBC that includes

the idea of both encryption and signature schemes [1]. However, Shamir could only real-

ize an IBS scheme based on the RSA assumption. Until Boneh and Franklin introduced

an IBE scheme based on the Weil pairing in 2001 [2], there have been no fully satisfac-

tory solution. For example, Desmedt and Quisquater’s scheme required tamper-resistant

hardware [3], Tanaka’s scheme required users not to collude [4], and in Maurer and Ya-

cobi’s scheme, private key generation was not practical [5]. Cocks proposed an another

fully functional IBE scheme based on the quadratic residuosity assumption [6]. How-

ever, most of the current researches on IBC are based on the pairing [7, 8, 9] including

our system.

1.1 Pros and Cons of IBC

The main concern in traditional PKI (Public Key Infrastructure) is providing a mecha-

nism to authenticate public keys of users. To this end, a certificate, which is a digital
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signature that binds a public key and its owner, is used. However, managing certificate

is not just about issuing certificates. There are other things such as distribution, revo-

cation that complicates the certificate management. In IBCs, a user’s public key can be

computed by anyone using the user’s well-known ID such as an e-mail address without

contacting its owner or a third party. As a result, public key certificates are not required

in IBCs. This was the main motivation of Shamir’s initial work on IBCs. Most of

the problems related to certificate management in traditional PKI do not apply to IBCs.

Moreover, most of the components of PKI related to certificate management can be dis-

carded in IBCs such as public key directory. Nonetheless, IBCs cannot be considered as

an alternative solution to the traditional PKI yet for the following reasons.

• As private keys of users are created by the PKG, key escrow is inherent in this

system. Key escrow is an useful property that can be used to prevent crimes or

recover lost keys. However, there must be a consideration about how to balance

the protection of privacy of individuals with the needs of law enforcement [10].

• There is no suitable private key revocation mechanism for IBCs. Current mecha-

nisms using CRL (Certificate Revocation List) do not suit well to IBCs. In section

1.4, we will discuss about this issue in more detail.

• A user of this system must authenticate him/herself to the PKG to obtain his/her

private key, which should not be transmitted through a public channel.

• There should be an efficient way to distribute authenticated public system param-

eters of the PKGs. Especially, this matters more when we assume the existence of

multiple PKGs that use different parameters.
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1.2 The Inherent Key Escrow Property of IBC

To date, several solutions to the inherent key escrow problem of IBCs have been pro-

posed [2, 7, 9]. The most obvious solution to the key escrow problem is to use multiple

PKGs in a threshold manner. Boneh and Franklin proposed this kind of system [2].

In their system, the master key, used to create private keys, is secretly shared between

PKGs in a threshold manner. This approach, while resolving the key escrow problem

gracefully, requires a user to contact several PKGs to obtain his/her private key. Thus, it

increases the authentication, computation, and communication costs.

Gentry tried totally different approach to solve the key escrow problem [7]. He

solved it by using some user chosen random secret. However, in this scheme, key es-

crow capability has been totally removed. Moreover, it cannot be regarded as an true

identity-based scheme because a user’s public key cannot be obtained directly from the

ID of that user. Al-Riyami and Paterson extended Gentry’s idea and provided a scheme

which preserves certificateless property of IBC [9]. However, they only provided im-

plicit authentication of the public key. Therefore, each user cannot be sure whether the

public key is genuine or not.

1.3 Multiple Private Key for Single User

In the initial Shamir’s proposal of IBCs [1], a well-known human readable string such

as e-mail address was considered as the ID of a user. Using this kind of ID as a public

key has several advantages over normal public key, which is a simple binary string.

First, a sender can easily obtain or already knows the ID of a receiver from which the

sender can derive the authenticated public key of the receiver on his/her own. Second,

one can distribute his/her ID without requiring a complicated infrastructure. Finally, as

certificates contain more than just the name of the owner, ID used in IBC can contain
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some additional useful information.

Boneh and Franklin proposed a form of ID which consists of an e-mail address plus

some user related information such as user’s duty, capability, or lifetime of a private

key [2]. As a result, an ID of a user becomes more expressive, and it is possible for each

user to have multiple IDs and corresponding private keys that contain identical identity

information but include different additional information.

We must note that if immutable user identity information such as social security

number is used solely as the ID, the master key or the user identity information must be

changed when the private key has to be reissued, which are both infeasible. Moreover, in

previous IBCs with limited key escrow, there is a trade off between authentication, com-

putation, and communication costs and the degree of key escrow limit [2, 11]. Therefore,

in these systems, multiple private key extraction causes much more performance degra-

dation than the basic Boneh and Franklin’s scheme [2].

1.4 Private Key Revocation Problem

In traditional PKI, up-to-date CRL (Certificate Revocation List) is maintained, and users

must check the status of a certificate against this list, which may be very large, before

using it. This is done by making queries to a third-party or requesting the CRL itself. A

revoked certificate is maintained on the CRL until the intended expiration date is over.

Gentry introduced a new time-slot approach to solve the key revocation problem in

certificate-based cryptosystems [7]. This approach is based on revoking the owner of the

key instead of the key itself. When a certificate is expired, the CA (Certification Author-

ity) would issue a new certificate if and only if the owner was not revoked. However,

there are two drawbacks. First, certificates of legitimate users have to be issued per each

time-slot. Second, a certificate cannot be revoked in the middle of each time-slot. Gentry
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Table 1.1: Inputs used to construct a public key of a user
Example LTK STK

1. foo@company.com||2004 foo@company.com||2004||Role1
2. foo@company.com||2004 foo@company.com||2004||16, Oct.
3. foo@company.com||2004 foo@company.com||2004||Role1||16, Oct.

has ameliorated each problem using the hierarchical approach and the frequency of the

certificates renewal, respectively.

In IBCs, a user private key may also need to be revoked for some reasons. Currently,

there are no efficient revocation mechanisms for IBC. Trivial solution for this problem

would be to use the mechanisms that are used in PKI such as CRL. However, to use

mechanisms such as CRL, it requires third party queries which would offset the main

advantage of IBCs of obtaining authenticated public keys of users without contacting

another party.

1.5 The Need of PKI Support

In IBCs, the PKG must authenticate the user before issuing the user’s private key. This

requirement cannot be satisfied using the IBC alone. To this end, most of the IBCs

assume that PKI is used for this purpose [2, 8]. Moreover, the user’s private key must

be transmitted securely to the user. Boneh and Franklin assume that PKI is also used for

this purpose [2]. However, as shown by Lee et al. [11], simple blinding technique can be

used to securely send the private key without requiring a help from other cryptosystems.

Currently, the distribution of public system parameters also needs support from PKI to

authenticate the parameters as well.
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1.6 Our Results

From the previous discussion, we can conclude the followings. First, it is natural and

necessary for users to have multiple private keys that are all derived from the same

identity information. Second, an IBC requires mechanisms: 1) to limit the key escrow

capability of the PKG, 2) to deal with revocation that does not offset its primary ad-

vantage, 3) to authenticate users before issuing private keys, 4) to securely transfer the

private key to users, and 5) to distribute the authenticate system parameters.

In this paper, we introduce a novel identity-based key issuing protocol. The key

issuing model limits the key escrow capability using the threshold technique as previous

approaches did. However, there is no serious performance degradation when multiple

private keys are issued to users. In our system, anyone can compute a user’s public

key without any kind of certificate, even though the private key is composed of two

components which are obtained from different types of entities. The private key of a

user is divided into two components: the LTK and the STK as shown in Table 1.1.

The LTK is derived from the user’s identity information that is normally used in IBCs.

Several authorities called the KPAs, which generate LTK share after authenticating the

user, issue this key in a threshold manner similar to Boneh and Franklin’s method [2].

The STK is derived from the same information used to derive LTK plus some dynamic

information such as a time slot or predefined role of the user. A user acquires this by

contacting a single authority called the KGC. A new private key can be obtained by

changing only the STK. As a result, our scheme provides a very efficient way to change

or issue multiple private keys to a user.

We also give a security proof of our key issuing model, and introduce IBE and IBS

schemes based on the model. We show an efficient way to adapt Gentry’s revocation

mechanism to IBCs as well. Although Gentry’s idea can be applied to other IBCs, our
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scheme requires less authentication, computation, and communication costs than oth-

ers. The scheme does not assume the existence of secure channel but still assumes the

existence of mechanisms supporting user authentication and distributing public system

parameters.

The rest of this paper is organized as follows. In section 2, we give some definitions

and explain backgrounds related to our work. In section 3, we introduce our scheme

in detail. The analysis of our scheme and comparison with other schemes is given in

section 4. Finally, we conclude and give some future work in section 5.
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Chapter 2

Backgrounds

Throughout this paper, we will use the notations given in Table 2.1.

Table 2.1: Notations
Notations Description

q Large prime number
G1 Additive group of orderq
G2 Multiplicative group of orderq
G∗1 DenotesG1/{O}, whereO is the identity element ofG1

Z∗q Denotes a multiplicative group of integers moduloq
P A random generator ofG1

α,β , andγ Randomly distributed elements ofZ∗q

Now, we will present some definitions related to our works.

Definition 2.1 (Discrete Logarithm Problem (DLP) in G1). DLP in G1 is as follow:

Given〈P,αP〉, acquireα. An algorithmA has advantageε in solving DLP inG1, if

Pr [A(P,αP) = α]≥ ε.

Definition 2.2 (Admissible Bilinear Map). ê :G1×G1→G2 is anadmissible bilinear

map, if êhas the following properties.
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• Bilinear : GivenP,Q,R∈G1, the following holds:

ê(P,Q+R) = ê(P,Q) · ê(P,R) andê(P+Q,R) = ê(P,R) · ê(Q,R).

• Non-degenerate: ê(P,Q) 6= O for someP,Q∈G1, whereO is an identity element

of G1.

• Computable: There is an efficient algorithm to computeê(P,Q) for anyP,Q∈G1.

Bilinearity of admissible bilinear map implieŝe(αP,βQ) = ê(αP,Q)β = ê(P,βQ)α =

ê(P,Q)αβ . Admissible bilinear map can be constructed using the Weil or the Tate pairing

on an elliptic curve over a finite field. For more detail, refer to [2].

Definition 2.3 (Bilinear Diffie-Hellman Problem (BDHP)). BDHP in 〈G1,G2, ê〉 is as

follow: Given 〈P,αP,βP,γP〉, computeê(P,P)αβγ . An algorithmA has advantageε in

solving BDHP in〈G1,G2, ê〉, if

Pr [A(P,αP,βP,γP) = ê(P,P)αβγ ]≥ ε.

Definition 2.4 (BDH Parameter Generator). A randomized algorithmG is called a

BDH parameter generator, if it satisfies the following properties.

• It takes a single security parameterk≥ 1.

• It runs in polynomial time ink.

• It outputs the description of groupG1 andG2 of orderq and an admissible bilinear

mapê :G1×G1 →G2.

In this paper, we assume that the advantage on DLP and BDHP is both negligible with

respect to above definitions. For more information, refer to [2].
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Chapter 3

Related Works

In this section, we will review four schemes that are closely related to our work. In

describing these schemes, we will use the following notations: 1) ID denotes the identity

string of the user in concern, 2)H1 : {0,1}∗→G∗1, H2 :G2→{0,1}l , andH3 :G2→ Z∗q

denotes collision-resistant hash functions, wherel is the length of the message block,

and 3) ‘||’ denotes bitwise concatenation. During the system setup phase of all four

schemes, an entity runsG to obtain〈q,G1,G2, ê〉. This entity also chooses a random

generatorP of G1.

3.1 Boneh and Franklin’s Scheme

Boneh and Franklin [2] introduced a(t,n) threshold based multiple authority scheme to

solve the key escrow problem of a single PKG. A user of the system must contact at least

t PKGs to obtain his/her private key. The protocol runs as follows.

• System setup: In this scheme, one of then PKGs runsG. This PKG chooses

P∈G∗1, H1, andH2. Each PKG generates its share of the master keysi ∈ Z∗q,(1≤
i ≤ n) in a distributed fashion using the techniques of [12]. Then each PKG
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publishes its public keyPi = siP ∈ G∗1. The public parameter of this system is

〈q,G1,G2, ê, l ,P,P1, . . . ,Pn,Ppub = ∑n
i=1siP,H1,H2〉.

• Extract : A user sends his/her ID and authenticates him/herself tot distinct PKGs.

Each PKGi computes a private key shared(i)
ID = siQID = siH1(ID) ∈ G∗1. and re-

turnsd(i)
ID through a secure channel to the user. The user checks the correctness of

d(i)
ID by computing the following equation:̂e(P,d(i)

ID ) ?= ê(Pi ,QID).

• Key retrieving : When the user collectst valid shares, he/she can construct his/her

private keydID ∈ G∗1 in a threshold manner:dID = ∑i∈I LisiQID , whereLi is the

appropriate Lagrange coefficient. The user can also check the correctness ofdID

using the following equation:̂e(P,dID) ?= ê(Ppub,QID).

• Encryption : The sender encrypts the messagem∈ {0,1}l using the ID of the

receiver by performing the following steps.

– ComputesQID = H1(ID) ∈G∗1.

– Chooses a randomr ∈ Z∗q.

– Computesg = ê(QID ,Ppub).

– Computes the ciphertextC = 〈rP,m⊕H2(gr)〉 ∈G∗1×{0,1}l .

• Decryption: Using the private keydID , the receiver decryptsC = 〈U,V〉 using:

V⊕H2(ê(U,dID)) = m.

A user’s private key can be recovered only if more thant PKGs collude. This scheme

solves the key escrow problem of single PKG gracefully. However, the authentication

and communication costs between PKGs and a user have increasedt times than the

original scheme with single PKG. Users also have to execute2t +2 pairing computations

each time to receive a private key.
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3.2 Lee et al.’s Scheme

Lee et al. [11] also proposed a scheme using multiple authorities to solve the key es-

crow problem while minimizing the authentication cost. In this scheme, the KGC andn

KPAs compute a user’s private key in a sequential manner. The following is the detail

description of Lee et al.’s protocol.

• System setup: In this scheme, the KGC runsG. It then choosesP∈ G∗1, H1, H2,

andH3. The KGC also randomly selects its master keys0 ∈ Z∗q and computes its

public keyP0 = s0P∈G∗1.

• System public key setup: For1≤ i ≤ n, each KPAi randomly chooses its private

keysi ∈ Z∗q and computes the corresponding public keyPi = siP∈G∗1. After that,

KPAs cooperatively compute the system public keyPpub = s0s1 . . .snP∈G∗1. The

public parameter of this system is〈q,G1,G2, ê, l ,P,P0, . . . ,Pn,Ppub,H1,H2,H3〉.

• Key issuing: A user chooses a random secretx ∈ Z∗q and computes the blind-

ing factorX = xP∈ G∗1. Then the user sendsX and ID to the KGC to request

his/her partial private key. The KGC issues a blinded partial private key using the

following steps.

– Step 1. Verifies the user’s identification.

– Step 2. Sets the public key of the user asQID = H1(ID||KGC||KPA1|| . . . ||KPAn)∈
G∗1.

– Step 3. Computes the blinded partial private key asQ′
0 = H3(ê(s0X,P0))s0QID ∈

G∗1 and KGC’s signature onQ′
0 asSig0(Q′

0) = s0Q′
0 ∈G∗1.

– Step 4. SendsQ′
0 andSig0(Q′

0) to the user.

• Key securing: For 1≤ i ≤ n, the user sends ID,X, Q′
i−1, andSigi−1(Q′

i−1) to

KPAi . The recipient KPAi performs the following steps.

14



– Step 1. Checksê(Sigi−1(Q′
i−1),P) ?= ê(Q′

i−1,Pi−1).

– Step 2. ComputesQ′
i = H3(ê(siX,Pi))siQ′

i−1 ∈G∗1 andSigi(Q′
i) = siQ′

i ∈G∗1.

– Step 3. SendsQ′
i andSigi(Q′

i) to the user.

This process is repeated against all KPAs in a sequential fashion. At the end, the

user obtains his/her blinded private keyQ′
n = H3(ê(snX,Pn))snQ′

n−1 ∈G∗1.

• Key retrieving : The user removes the blinding factor from the blinded private key

to get his/her private keyDID :

DID =
Q′

n

H3(ê(P0,P0)x) · · ·H3(ê(Pn,Pn)x)
= s0 · · ·snQID ∈G∗1.

The user can easily verify the correctness ofDID by checkingê(DID ,P) ?= ê(QID ,Y).

• Encryption/Decryption : These procedures are identical to those of Boneh and

Franklin’s scheme [2].

In this scheme, a user needs to authenticate him/herself to KGC only once. More-

over, this system does not require a secure channel during the execution of the protocol.

However, a user has to communicate with one KGC and everyn KPAs sequentially to ac-

quire his/her private key. The communication costs of a user have increasedn+1 times

than the original scheme with single PKG. Users also have to execute4n+ 4 pairing

computations.

3.3 Gentry’s Scheme

Gentry [7] proposed a certificate-based encryption scheme using user chosen random

secret to solve the key escrow problem of a single PKG. This scheme has two types of
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participant: the user and the Certificate Authority (CA). The CA plays an analogous role

of the PKG in normal identity-based cryptosystem. This scheme runs as follows.

• System setup: In this scheme, the CA runsG. Then it choosesP∈ G∗1, H1, and

H2. It also selects its master keys∈ Z∗q and sets its public key asPpub = sP∈G∗1.

The public parameter of this system is〈q,G1,G2, ê, l ,P,Ppub,H1,H2〉.

• Certification : The user requests his/her private key to the CA using the following

steps.

– Step 1. The user chooses a random secretsU ∈ Z∗q and setsPU = sUP∈G∗1.

He/she then sends ID and Userinfo =PU ||ID to the CA through a public

channel.

– Step 2. The CA checks the identification of the user and setsPID = H1(Ppub|| j||Userinfo)∈
G∗1, where j denotes some time slot.

– Step 3. The CA computes CertID = sPID ∈G∗1 and returns CertID to the user

through a public channel,

– Step 4. The user setsP′ID = H1(Userinfo) ∈G∗1 and computes his/her private

keySID = CertID +sUP′ID .

• Encryption : We assume that the sender and the receiver have agreed on the time

slot j. A sender encrypts a messagem for the user using the following step.

– Step 1. Obtains Userinfo and CertID .

– Step 2. ComputesP′ID = H1(Userinfo)∈G∗1 andPID = H1(Ppub|| j||Userinfo)∈
G∗1.

– Step 3. Setsg = ê(Ppub,PID)ê(PU,P′ID) ∈ G2 and selects a random secret

r ∈ Z∗q.
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The resulting ciphertext ofm∈ {0,1}l is C = 〈U,V〉 = 〈rP,m⊕H2(gr)〉 ∈ G∗1×
{0,1}l .

• Decryption: Using the private keySID , the receiver decryptsC = 〈U,V〉 using:

V⊕H2(ê(U,SID)) = m.

In this scheme, the protocol between a user and the CA is performed over a public

channel. Furthermore, the communication and computation cost required during key

issuing is reasonably small compared to schemes described in subsection 3.1 and 3.2.

However, this scheme has removed the key escrow capability completely. Moreover, the

sender cannot derive a public key directly from the public identity string of a receiver.

He/she requires a certificate signed by the CA of a receiver in advance. It means this

scheme has lost the main advantage of identity-based cryptosystems.

Interestingly, this scheme also deals with the revocation problem of certificate-based

cryptosystems. In this protocol, a sender encrypts a message using the current time slotj

without checking the current revocation status of the recipient certificate. This is possible

due to the fact that if the receiver’s private key has been revoked, the receiver cannot

obtained his/her private key corresponding to the time slotj, preventing the decryption

of the message.

3.4 Al-Riyami and Peterson’s Scheme

Al-Riyami and Paterson [9] extended Gentry’s scheme [7] to preserve certificateless

property of identity-based cryptosystems. However, it only supports implicit authenti-

cation. This scheme has two types of entities: the user and the KGC, which is similar to

the CA. The protocol runs as follows.

• System setup: This procedure is identical to that of Gentry’s scheme [7]
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• Partial private key extraction : The user sends ID to the KGC and requests

his/her partial private key. The KGC checks the identity of the user and com-

putesQU = H1(ID) ∈G∗1. The KGC returnsDU = sQU ∈G∗1 to the user through a

secure channel. The user can verify the correctness ofDU by checkingê(DU ,P) ?=

ê(QU ,Ppub).

• Secret value setup: The user chooses a randomxU ∈ Z∗q.

• Private/public key generation: The user computes the private keySU = xUDU =

xUsQU ∈ G∗1 using the partial private keyDU and the user’s secret valuexU . The

corresponding public key isPU = 〈XU ,YU〉= 〈xUP,xUPpub = xUsP〉 ∈G∗1×G∗1.

• Encryption : The sender encrypts the messagem∈ {0,1}l using the ID and the

public keyPU = 〈XU ,YU〉 of the receiver by performing the following steps.

– Step 1. Checksê(XU ,Ppub)
?= ê(YU ,P).

– Step 2. ComputesQU = H1(IDA) ∈G∗1.

– Step 3. Chooses a random valuer ∈ Z∗q.

– Step 4. Computes the ciphertextC= 〈rP,m⊕H2(ê(QU ,YU)r)〉 ∈G∗1×{0,1}l .

• Decryption: The receiver can decryptC = 〈U,V〉 using his/her private keySU by

computingV⊕H2(ê(SU ,U)) = m

This scheme also exploits user chosen random secret to eliminate the key escrow

problem. However, this scheme does not use any certificate. In this scheme, the sender

must know the public keyPU of the receiver to encrypt a message. However, there is

no way to ensure thatPU is true public key of the receiver. As a result, this protocol

only supports implicit authentication. The sender is assured when the communication is

successful.
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Chapter 4

A New Private Key Issuing Model

In this section, we will describe our proposed scheme in detail. First, we will explain

our design rationale. Second, we will discuss some issues concerning the structure of a

user’s identity string. Third, we will introduce our basic key issuing model, an then we

discuss about some problems in the basic model, and present an advanced key issuing

model where defects of basic model do not exist. Finally, we present new IBE and IBS

schemes based on proposed key issuing model.

4.1 Design Rationale

The main goals of our system are the followings: 1) limit the key escrow capability, 2)

provide a more efficient way to issue multiple private keys, and 3) maintain the prop-

erty of IBC that public keys can be computed from well-known ID without obtaining it

from the client or a third-party. With the current technology, it is difficult to limit the

key escrow property without using the threshold technique. However, simply sharing

the master key of the PKG in a threshold manner as done by Boneh and Franklin [2],

increases the cost of private key generation. To provide a more efficient way to issue pri-
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vate keys, we have borrowed Gentry’s idea [7]. In his scheme, the private key of a user

divided into two parts: a random value chosen by the user and a private value issued by

the CA. In our scheme, the private key of a user also consists of two parts. The difference

is that both parts are issued as if they are private keys of a user in an IBC to achieve the

third goal of our system. However, to achieve the first goal, one of the values is issued in

a threshold manner. This results in a model where there existsn authorities responsible

for issuing one part of the key in a threshold manner, and a single authority responsible

for issuing the other part. The benefit of this model is that a new private key can be

obtained by changing one of the values making up the private key. Thus, it improves

the efficiency of key issuing considerably if a user needs several different types of keys

or needs to reissue his/her key frequently. In the next subsection, we discuss about the

benefit of our model with respect to the structure of the identity string.

4.2 The Identity String

Generally, a well-known public information such as an email-address is used as the ID

of a user. However, if such information is used to issue a private key of a user alone,

the master key or the ID of the user must be changed when the private key has to be

reissued for any reasons. We stress that both solutions are not acceptable, since the

former requires all users to change their private keys and the latter may require changing

well-known or immutable ID. To solve this problem, a dynamic information such as

lifetime of the key is concatenated to the ID. Only the dynamic information is changed

when a key has to be reissued.

As mentioned above, applying simple threshold technique to solve the inherent key

escrow problem of IBC causes additional costs during the key issuing phase. The more

private key is issued, the worse this drawback is. In our system, we provide a more
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efficient way of reissuing private keys by dividing the key into two components: LTK

and STK . The LTK is derived from the ID of a user and the lifetime of LTK. This key

is obtained in a threshold manner. The STK is derived from the same information used

to derive the corresponding LTK plus some dynamic information. Dynamic information

can be time-slot information like Gentry’s scheme [7], a role of the user, or the usage

of the key. Therefore, it is reasonable to assume that there are some rules to determine

the dynamic information of intended user. For example, one can determine the current

time-slot using some predefined rules and the current time, or one can already know the

role of the receiver. The STK is obtained from a single authority. The same information

used to derive the LTK must be used as one of the input used to derive the corresponding

STKs to bind the two keys. This binding is required to limit the number of private keys

of a user to those that are actually issued. Examples of inputs used to construct the

corresponding public key of a user are given in Table 1.1.

A new private key can be issued by changing either the LTK or the STK. More

precisely, the private key can be reissued only by changing the STK. If the LTK needs to

be reissued, every related STKs must be discarded. Since, the STK can be obtained from

a single authority, our system provides a very efficient way of reissuing private keys.

4.3 The Basic Model

In this section, we introduce our basic key issuing model. Before proceeding in detail,

we will introduce the participants of our basic model and briefly explain their roles.

There are three types of entities in the model:n KPAs, the KGC, and users. The role of

each entity is as follows.

• KPAs: KPAs are responsible for issuing LTK shares for users. A user has to

contact at leastt KPAs of totaln KPAs to obtain his/her LTK. A user receives
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a share of his/her LTK from each KPA through a public channel and constructs

his/her LTK in a threshold manner.

• KGC : KGC is responsible for issuing STKs for users. A user sends his/her iden-

tity, the blinded LTK, and dynamic short-term information to obtain the STK. The

STK is issued through a public channel.

• User: A user needs to obtain his/her LTK shares fromt KPAs and his/her STK

from the KGC to construct his/her private key of the system.

Now, we introduce our basic key issuing model, which consists of the following two

procedures: system setup and user private key extraction.

System Setup

In this phase, each authority determines its public/private keys and computes public

system parameters cooperatively. This procedure consists of two sub procedures: KGC

setup and KPAs setup.

• KGC setup: The KGC carries out the following procedures.

– Step 1. Runs the bilinear parameter generatorG and obtains〈q,G1,G2, ê〉.

– Step 2. Chooses a random generatorP of G1.

– Step 3. Selects cryptographic hash functions

H1 : {0,1}∗→G∗1 andH2 :G2 →{0,1}l ,

wherel is the length of the message block.

– Step 4. Selects its master keys∈ Z∗q and setsPKGC = sP∈G∗1.

• KPAs setup: Each KPAs computes its own private and public keys. They also

compute the private key and public key of KPAs cooperatively.
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– Step 1. Each KPAi generates its master keyxi ∈ Z∗q,(1≤ i ≤ n) in a dis-

tributed fashion using the techniques of [12]. It also computes its public key

PKPAi = xiP∈G∗1.

– Step 2. The private key of KPAs isx= ∑i∈I Lixi ∈Z∗q, whereLi is appropriate

Lagrange coefficient andI is a set oft numbers which are greater than or

equal to 0 and less than or equal ton. The corresponding public key of KPAs

is PKPAs = xP∈G∗1.

• The public parameters of this system is〈q,G1,G2, ê, l ,P,PKGC,PKPAs,PKPA1, · · · ,PKPAn,H1,H2〉.

User Private Key Extraction

A user acquires his/her private key using this procedure. This procedure is divided into

the following three sub procedures: LTK extraction, STK extraction, and user private

key computation.

• LTK extraction : The user requests his/her LTK shares tot different KPAi , (1≤
i ≤ n) using the following steps. We must note that the user has to authenticate

him/herself to each KPA involved in this procedure before proceeding the step 1.

– Step 1. The user chooses his/her random blinding factorbi ∈ Z∗q and com-

putesbiQID = biH1(ID).

– Step 2. The user sends〈ID,biP,biQID〉 to KPAi .

– Step 3. The KPAi checks the identification of the user and verifies the valid-

ness ofbiQID using the following equation:

ê(QID ,biP) = ê(QID ,P)bi ?= ê(biQID ,P) = ê(QID ,P)bi . (4.1)
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– Step 4. The KPAi computes the blinded LTK sharebid
(i)
ID = bixiQID ∈ G∗1.

Finally, it returnsbid
(i)
ID to the user.

– Step 5. The user removes the blind factor by computingb−1
i bid

(i)
ID = d(i)

ID and

verifies the correctness ofd(i)
ID = xiQID using the following equation:

ê(P,d(i)
ID )= ê(P,xiQID)= ê(P,QID)xi ?= ê(PKPAi ,QID)= ê(xiP,QID)= ê(P,QID)xi .

(4.2)

After collectingt different LTK shares, the user computes his/her LTK:

dID = ∑
i∈I

Lid
(i)
ID = ∑

i∈I

LixiQID ∈G∗1,

whereLi is the appropriate Lagrange coefficient. The user can check the correct-

ness of his/her LTK using the following equation:

ê(P,dID) = ê(P,xQID) = ê(P,QID)x ?= ê(PKPAs,QID) = ê(xP,QID) = ê(P,QID)x.

• STK extraction: The user requests the STK by sending〈ID, T, X = bPKPAs,Y =

bdID ,Z = bQ〈ID,T〉〉 to the KGC, whereb∈ Z∗q is a random blinding factor chosen

by the user andT is the dynamic user information that will be used to derive the

STK. The KGC would reject the request of the user, if the user’s LTKdID has been

revoked. Otherwise, the KGC computes requested STK, and sends it back to the

user.

– Step 1. The KGC checks whether the user has a valid LTK using the follow-
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ing equation:

ê(QID ,X) = ê(QID ,bPKPAs) = ê(QID ,bxP) = ê(QID ,P)bx

?= ê(P,Y) = ê(P,bdID) = ê(P,bxQID) = ê(P,QID)bx = ê(QID ,P)bx.

– Step 2. The KGC setsQ〈ID,T〉 = H1(ID||T) and checks whether the user has

sent a validZ using the following equation:

ê(Q〈ID,T〉,X) = ê(Q〈ID,T〉,bPKPAs) = ê(Q〈ID,T〉,PKPAs)b

?= ê(Z,PKPAs) = ê(bQ〈ID,T〉,PKPAs) = ê(Q〈ID,T〉,PKPAs)b.

– Step 3. The KGC sendssZ to the user.

– Step 4. The user computes his/her STKd〈ID,T〉 by eliminating blinding factor

as follows:b−1sZ= b−1sbQ〈ID,T〉 = sQ〈ID,T〉 = d〈ID,T〉.

– Step 5. The user checks the correctness ofd〈ID,T〉 using the following equa-

tion:

ê(P,d〈ID,T〉) = ê(P,sQ〈ID,T〉) = ê(P,Q〈ID,T〉)s

?= ê(PKGC,Q〈ID,T〉) = ê(sP,Q〈ID,T〉) = ê(P,Q〈ID,T〉)s.

• User private key computation: The user computes his/her private keyD〈ID,T〉 =

dID +d〈ID,T〉 ∈G1. If the computedD〈ID,T〉 is the identity element ofG1, we need

to change the ID appropriately. However, this possibility is negligible. Therefore,

we assumeD〈ID,T〉 ∈G∗1.
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4.4 The Advanced Key Issuing Model

We have introduced a new key issuing model which not only limits key escrow property

but also support efficient multiple private key extractions. However, more thant KPAs

cannot escrow a private key of a user in our basic model. More specifically, even though

more thant KPAs can recover a LTK in a threshold manner, escrowing a STK requires

the cooperation of KGC. This means that the basic model does not provide the threshold

property.

In this section, we present a more advanced key issuing model that provides the

threshold property as well as maintains every positive aspect of the basic model. To

support the threshold property, we verifiably encrypt all the issued STK using the public

key of KPAs and publish these encryptions. Therefore, more thant KPAs can cooperate

to obtain the STK required to escrow a private key of a user. However, since we can-

not trust that the KGC will always commit the verifiable encrypted STK correctly, we

introduce another authority called the KCA (Key Commitment Agency) that observes

KGC’s activity. To enforce this observation, we use the KCA as an intermediary be-

tween the user and the KGC. We also assume that the KCA monitors KGC’s activity,

which prevents users directly contacting the KGC. As a result, unless KGC and KCA

collude, there would be a publicly available verifiable encrypted STK corresponding to

every STK issued by the KGC. In this model, users cannot directly contact the KGC.

They must request the STK to the KCA, and the KCA will acquire the blinded STK

from the KGC in behalf of the user. In summary, the roles of KCA are as follows: 1)

forwards user’s STK issuance request to the KGC, 2) receives KGC’s response, which

includes blinded STK and verifiably encrypted STK, and 3) sends blinded STK back to

the user and publishes verifiably encrypted STK. Now, we will explain the procedures

of the advanced model.
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System Setup

This phase is the same as that of the basic model’s. The resulting public parameters is

〈q,G1,G2, ê, l ,P,PKGC,PKPAs,PKPA1, · · · ,PKPAn,H1,H2〉.

User Private Key Extraction

A user acquires his/her private key through this procedure, which consist of the following

two sub procedures: LTK extraction and STK extraction.

• LTK extraction : This phase is also identical to that of the basic model’s. After

this phase, a user can compute his/her LTKdID .

• STK extraction: The user requests the STK by sending〈ID, T, X = bPKPAs,Y =

bdID ,Z = bQ〈ID,T〉〉 to the KCA, whereb∈ Z∗q is a random blinding factor chosen

by the user. The user would get his/her STK after successfully proceeding the

following three procedures.

– Request forwarding: The KCA forwards the request message of the user to

the KGC without modifying it.

– STK issuance: The KGC would reject the request of the user, if the user’s

LTK dID has been revoked. Otherwise, the KGC computes requested STK,

and sends it back to the KCA.

• Step 1. The KGC checks whether the user has a valid LTK using the

following equation:

ê(QID ,X) = ê(QID ,bPKPAs) = ê(QID ,bxP) = ê(QID ,P)bx

?= ê(P,Y) = ê(P,bdID) = ê(P,bxQID) = ê(P,QID)bx = ê(QID ,P)bx.

(4.3)
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• Step 2. The KGC setsQ〈ID,T〉 = H1(ID||T) and checks whether the user

has sent a validZ using the following equation:

ê(Q〈ID,T〉,X) = ê(Q〈ID,T〉,bPKPAs) = ê(Q〈ID,T〉,PKPAs)b

?= ê(Z,PKPAs) = ê(bQ〈ID,T〉,PKPAs) = ê(Q〈ID,T〉,PKPAs)b.

(4.4)

• Step 3. The KGC sends the blinded STKsZ to the KCA. It also trans-

mits the verifiably encrypted STK〈V = sQ〈ID,T〉 + bPKPAs,V = bP〉,
whereb is a random element ofZ∗q to the KCA.

– STK commitment: The KCA checks the correctness of〈V,V〉 using the

prior registered request as follows:

ê(V,P) = ê(sQ〈ID,T〉+bPKPAs,P) = ê(sQ〈ID,T〉+bxP,P) = ê(Q〈ID,T〉,P)sê(P,P)bx

?= ê(Q〈ID,T〉,PKGC)ê(V,PKPAs) = ê(Q〈ID,T〉,sP)ê(bP,xP) = ê(Q〈ID,T〉,P)sê(P,P)bx.

(4.5)

If 〈V,V〉 pair is correct, the KCA publishes〈ID,T,V,V〉 and sendssZ to the

user. Interestingly, any third party can also to check the correctness of the

verifiably encrypted STK〈V,V〉.

– STK computation: The user computes his/her STKd〈ID,T〉 by eliminating

the blinding factor as follows:b−1sZ= b−1sbQ〈ID,T〉 = sQ〈ID,T〉 = d〈ID,T〉.

The user also checks the correctness ofd〈ID,T〉 using the following:

ê(P,d〈ID,T〉) = ê(P,sQ〈ID,T〉) = ê(P,Q〈ID,T〉)s

?= ê(PKGC,Q〈ID,T〉) = ê(sP,Q〈ID,T〉) = ê(P,Q〈ID,T〉)s.

(4.6)
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• User private key computation: The user computes his/her private keyD〈ID,T〉 =

dID +d〈ID,T〉 ∈G1.

Key Escrow

In the proposed scheme, the TTP (Trusted Third Party) which already knows〈ID,T,V,V〉,
can recover a private key of a user by cooperating with more thant KPAs as follows.

• The TTP sendsV = bP to more thant KPAs. Each KPAi computesV
(i) = xiV =

xibP, and sends it back to the TTP. The TTP then checks the validity of eachV
(i)

as follows:

ê(V,PKPAi ) = ê(bP,xiP) = ê(P,P)bxi
?= ê(V(i)

,P) = ê(xibP,P) = ê(P,P)bxi .

• The TTP computes̃V = ∑i∈I LiV
(i) = ∑i∈I LixibP= bxP= bPKPAs , and recovers

the STK of a user as following:

V−Ṽ = sQ〈ID,T〉+bPKPAs−bPKPAs = sQ〈ID,T〉 = d〈ID,T〉.

• The TTP also requests LTK share of the user to more thant KPAs. This procedure

is an analogous of LTK extraction phase. Finally, the TTP recovers the private key

of the userD〈ID,T〉 = dID +d〈ID,T〉.

4.5 A New Encryption Scheme with Limited Key Escrow Ca-

pability

In this section, we present a new IBE scheme evolved from Boneh and Franklin’s IBE [2].

Private keys used in this encryption scheme are issued by using either our basic model

or advanced one. In the proposed IBE scheme, a public key of a receiver is derived from

〈ID,T〉 pair. The protocol runs as follows.
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Encryption

Let T be the dynamic information used in computing the STK of the user. We assume

that the sender and the receiver have agreed onT in advance. The sender obtains the

public key of the user by computingQID = H1(ID) ∈G∗1 andQ〈ID,T〉 = H1(ID||T) ∈G∗1.

Then the sender sets

g = ê(PKPAs,QID)ê(PKGC,Q〈ID,T〉) ∈G2

and selects a random secretr ∈ Z∗q. The resulting ciphertext of a messagem∈ {0,1}l is

C = 〈rP,m⊕H2(gr)〉 ∈G∗1×{0,1}l .

Decryption

The receiver can decryptC = 〈U,V〉 using his/her private keyD〈ID,T〉:

m= V⊕ (H2(ê(U,D〈ID,T〉))).

The correctness of the encryption scheme can be easily verified as follows:

ê(U,D〈ID,T〉) = ê(U,xQID +sQ〈ID,T〉) = ê(U,xQID)ê(U,sQ〈ID,T〉)

= ê(rP,xQID)ê(rP,sQ〈ID,T〉) = ê(P,QID)xrê(P,Q〈ID,T〉)sr

= ê(xP,QID)r ê(sP,Q〈ID,T〉)r = ê(PKPAs,QID)r ê(PKGC,Q〈ID,T〉)r = gr .
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4.6 A New Signature Scheme with Limited Key Escrow Ca-

pability

In 2003, Hess proposed an IBS scheme from pairing [8]. In this scheme, a signer can

make a signature of a message using his/her private key, and anyone can check the cor-

rectness of the signature using an ID of the signer. Now, we introduce another version

of Hess’s IBS scheme, where a private key of a user is issued through either our basic

model or advanced one. The protocol runs as follows.

Signature Generation

A signer having his/her private keyD〈ID,T〉 makes a signature of a messagemas follows.

• Computesk = ê(Pr ,P)r , wherePr andr are random elements ofG∗1 andZ∗q respec-

tively.

• Resulting signature of a messagem is 〈v = H2(m,k),u = vD〈ID,T〉+ rPr〉.

Verification

To verify a signature〈u,v〉 of a messagem, the verifier first computesk as follows:

k = ê(u,P)ê(QID ,−PKPAs)vê(Q〈ID,T〉,−PKGC)v

= ê(vD〈ID,T〉+ rPr ,P)ê(QID ,−PKPAs)vê(Q〈ID,T〉,−PKGC)v

= ê(vd〈ID,T〉+vdID + rPr ,P)ê(QID ,−PKPAs)vê(Q〈ID,T〉,−PKGC)v

= ê(vsQ〈ID,T〉+vxQID + rPr ,P)ê(QID ,−xP)vê(Q〈ID,T〉,−sP)v

= ê(Q〈ID,T〉,P)vsê(QID ,P)vxê(Pr ,P)r ê(QID ,P)−vxê(Q〈ID,T〉,P)−vs

= ê(Pr ,P)r ,
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and checks the following equation:

v
?= H2(m,k).
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Chapter 5

Analysis

5.1 Comparison

In this section, we compare our advanced key issuing model against the schemes pro-

posed by Boneh and Franklin [2] and Lee et al. [11], which are IBCs that have a limited

key escrow property. Especially, we compare the following aspects: 1) efficiency of key

issuance, and 2) key escrow procedure.

Table 5.1: Comparison of Private Key Issuance Cost
Initial Issuance Cost Reissuance Cost

[2] [11] Ours [2] [11] Ours

Pairing computation 2t +2∗ 4t +4 (4t +4)+9 2t +2∗ 4t +4 9
Communication 2t 2t +2 2t +4 2t 2t +2 4
Authentication t 1 t t 1 0

t denotes the number of PKGs participating in [2] and the number of KPAs participating in [11]

and ours.
∗ [2] requires secure channels whereas [11] and ours do not. If the method used in our system

to remove the secure channel assumption to [2], the cost becomes4t +2.
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Efficiency of Key Issuance

Before proceeding in detail, we note that [2] and ours are based on threshold technique

but [11] isn’t. Moreover, [2] and ours can communicate in parallel while [11] must do

in a sequential manner. This means that as the number of authorities increases, [11]

will require more communication time. We must note that we must consider the extra

communication time due to using the KCA as an intermediary between the user and the

KGC in our scheme.

For more precise and fair comparison, we assume that the threshold variablet of

[2] and ours is equal to the number of KPAs in [11]. In other words, we consider the

setting where the number of authorities used in ours is not only equal to that of [11],

but one more than that of [2] without considering the KCA. Now, we will compare

each key issuing model based on each of the following aspects: pairing computation,

communication, and authentication.

• Pairing computation: As shown in Table 5.1, [2] requires the least pairing com-

putations during the initial key issuance. However if the method used in our

scheme to remove the secure channel assumption is applied to [2], the compu-

tation cost of [2] becomes4t + 2. In this setting, we can conclude that ours re-

quires 11 more pairing computation than [2] and 9 more pairing computation than

[11] during the initial key issuance. These additional computations are due to the

STK extraction and checking the validity of the verifiable encrypted STK by the

KCA. However, in our scheme, the computation cost of reissuing a private key is

constant.

• Communication: [2] requires the least communication cost. Our protocol re-

quires 4 more communication than [2] which is due to the STK extraction where

the KCA plays an intermediary role between the user and the KGC. Additionally,

35



[11] will need extra communication time because of its sequential property. In our

scheme, the communication cost of reissuing a private key is also constant.

• Authentication: [11] needs the least authentication. However, in our scheme,

authentication is not required when key is being reissued. From these, we can

conclude that our scheme outperforms others with respect to reissuance, and per-

forms nearly equal to others with respect to initial issuance.

We must note that in our scheme if the LTK of a user must be reissued for any reason

the cost of reissuing the private key is identical to that of initial key issuance.

Key Escrow Procedure

Finally, we discuss about the key escrow procedure. As mentioned before, all three sys-

tems have key escrow property. In [2], key escrow procedure is done by doing usual

secret recovering protocol in the threshold scheme which does not require pairing com-

putation. Our scheme requires twice as much amount of computation as [2] does as-

suming that the committed STK is known. This is because in our system, eacht KPA

compute LTK share and STK recovery share to escrow the private key of a user. Since

ours and [2] are based on the traditional threshold concept, anyt out ofn authorities can

recover the key. This procedure does not require sequential connection. On the other

hand, in [11], the private key is recovered in a sequential manner by all the authorities

originally participated in the key issuing protocol. This means that [11] needs relatively

more time to recover the private key than others and all authorities must participate in

this procedure.
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5.2 Security Proof of Key Issuing Protocol

In this section, we enumerate every possible types of adversaries in our advanced key

issuing model and analyze their ability. Then, we define security requirements of our key

issuing model with some assumptions. Finally, we show that the model satisfies security

requirements based on the assumptions.

The Adversaries

There are four types of entities in our advanced key issuing model:n KPAs, KGC, KCA,

and users, all of whom we can consider as latent adversaries. We also have to consider

a malicious third party, which does not participate in the key issuing procedure as a

legitimate party,as a potential adversary. Now, we scrutinize each adversary model and

define their ability.

• Malicious third party : An adversary that does not participate as one of the legal

participants are called malicious third party. These adversaries can eavesdrop or

modify messages which are sent through public communication channel between

legitimate parties. The goal of these adversary is as follows: 1) disturb the key

issuing phase, 2) acquire a LTK of a user corresponding to an ID, 3) obatin a STK

of a user related to〈ID,T〉, and acquire the private key of a user.

• KCA : The KCA is supplementary authority supporting threshold property in our

key issuing model. It not only forwards user request to the KGC, but also sends

the response from KGC back to the user, as well as publishes verifiably encrypted

STK. However, as each message passing through the KCA is blinded, KCA does

not have any explicit knowledge about STK or LTK. As a result, the KCA only

has ability as much as the malicious third party does.
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• KPAs: As mentioned before, more than or equal tot KPAs can compute correct

LTK corresponding to the ID in a threshold manner. However, if the threshold

cryptosystem is correct and secure, it is infeasible for less thant KPAs to compute

the correct LTK corresponding to the ID. In this setting, each KPA cannot compute

the LTK using its own master secret share. Therefore, in this respect, although

they can compute a share of the LTK, they have the same amount of ability as the

malicious third party does.

• KGC : In our model, the KGC knows the master keys and can compute STKs

corresponding to any〈ID,T〉 pairs of users. This means that the KGC not only

has ability as much as the malicious third party does but also can compute any

STK whichever it wants.

• Users: Throughout proposed protocol, a legitimate user can possess correct STKs

and LTKs related to his/her own〈ID,T〉 pairs. This is because that a user is al-

lowed to request his/her LTKs or STKs to the KPAs or KGC respetively, even

though a user does not participate in key issuing process directly. In addition to

this, a user can do whatever the malicious third party can.

Security Requirements

From previous discussion, we can conclude the followings: 1) proposed key issuing

protocol must not suffer from message modification, insertion or replay attack, 2) the

LTK can be computed only if more thant KPAs cooperate, 3) the KGC has to be the

unique entity which can compute the correct STK, and 4) except legitimate user, no

other entities know any private key of the user. From these conclusions, we now define

the security requirements of our key issuing protocol.

Definition 5.1. The security requirements of advanced key issuing protocol is as follows.
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• Correctness: Incorrect response from any entity, message modification during

transmission, replying attack by using old messages, or incorrect packet insertion

cannot make any harm to our protocol. Especially a user must be able to determine

whether a private key, issued through our key issuing model, is correct or not.

• Unforgeability : It has to be impossible to compute correct LTK related to an ID

without cooperation of more thant KPAs. Moreover, the KGC is the only entity

that can compute the correct STK of〈ID,T〉.

• Privacy: Except a user who possesses〈ID,T〉, no other entities can have a correct

private key corresponding to〈ID,T〉 unless more thant KPAs cooperate.

Security Proof

Before proceeding in detail, we introduce some assumptions which are used to prove the

security of our system, and then give the security proofs of our model.

Assumption 5.1. The threshold scheme used in our system is secure in that it is compu-

tationally infeasible to obtain the shared secret when less thant KPAs collude.

For more detail information on the security of the threshold technique, refer to [12].

Assumption 5.2. Advantage of an adversary on DLP inG1 is negligible.

Assumption 5.3. Following public information is well-known to all entities in our key

issuing model.

• The public system parameters:〈q,G1,G2, ê, l ,P,PKGC,PKPAs,PKPA1, · · · ,PKPAn,H1,H2〉.

• 〈ID,biP,biQID〉 and bid
(i)
ID = bixiQID pairs, which are published during LTK is-

suance phase.
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• 〈ID,T,X = bPKPAs,Y = bdID ,Z = bQ〈ID,T〉〉, andsZ= bd〈ID,T〉, 〈ID,T,V = sQ〈ID,T〉+

bPKPAs,V = bP〉 pairs, which are known publicly during STK issuance phase.

As we have discussed before, there are five types of potential adversaries in our

protocol. However, an ability of the malicious third party, the KCA, and less thant

KPAs are equal based on Assumption 5.1. Furthermore, we can conclude that both the

KGC, which can compute any STK whichever it wishes, and users, which already know

lots of LTKs and STKs of their own, are more powerful adversaries than malicious third

party, the KCA, or less thant KPAs. Therefore, our protocol would be secure enough

if it were secure against the KGC, users or even their collusion. Now, we present two

lemmas and their proofs. Then, we show that the key issuing model satisfies our security

requirements based on those lemmas.

Lemma 5.1. Proposed key issuing model satisfies the correctness requirement.

proof. In LTK extraction phase, a user sends〈ID,biP,biQID〉 to t KPAs. Then each KPAi

1) authenticates the user, 2) computes LTK sharebidID , and 3) sendsbidID back to the

user. The correctness of〈ID,biP,biQID〉 can be verified using the Equation 4.1. The

correctness ofbidID can be verified using the Equation 4.2 as well.

In STK extraction phase, a user sends〈ID,T,X = bPKPAs,Y = bdID ,Z = bQ〈ID,T〉〉
to the KGC through the KCA. Then, the KGC sendsbd〈ID,T〉 and〈ID,T,V = sQ〈ID,T〉+

bPKPAs,V = bP〉 back to the KCA. Finally, the KCA sendsbd〈ID,T〉 back to the user.

Using the Equation 4.3 and 4.4, the KGC can check the correctness of〈ID,T,X =

bPKPAs,Y = bdID ,Z = bQ〈ID,T〉〉. The KCA is also able to verify the correctness of

〈ID,T,V = sQ〈ID,T〉 + bPKPAs,V = bP〉 using the Equation 4.5. Finally, the user can

verify the correctness of his/her STKd〈ID,T〉 using the Equation 4.6.

An adversary may disturb the LTK issuance by intercepting〈ID,biP,biQID〉 and

sending〈ID,nabiP, nabiQID〉 instead using a random valuena ∈ Z∗q. Although each KPA
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cannot detect this modification using the Equation 4.1, the user can still check the cor-

rectness of the resulting LTK share by using the Equation 4.2. Therefore, the user cannot

be disturbed by this attack during the LTK issuance. Similarly an adversary may hinder

the STK issuance by intercepting〈ID,T,X,Y,Z〉 and sending〈ID,T,naX,naY,naZ〉 in-

stead using a random valuena ∈ Z∗q. Even though the KGC cannot detect this change

using the Equation 4.3 and 4.4, the user can still verify the validity of resulting STK by

using the Equation 4.6. Therefore, the user cannot be disturbed by this attack during

STK issuance.

By summing up the discussions mentioned above, we can conclude that each en-

tity can check the correctness of messages which they have received from others, even

though there are two exceptions which make no harm to our protocol. A user is also able

to check the validity of LTK and STK which he/she received through the key issuing

model. Therefore, the lemma holds.

Lemma 5.2. Proposed key issuing model satisfies both the unforgeability and privacy

requirements.

proof. In our key issuing model, a user and the KGC may collude to compute any private

key of another user. In this case, since the KGC can compute any STK whichever it

wants, forging the LTK is sufficient to compute a private key of a user. However, by the

Assumption 5.1∼ 5.3, it is computationally infeasible for a user to compute any LTK or

STK corresponding to〈ID,T〉 pair. More specifically, to obtain a LTK, the KGC and a

user can try to do the following using the publicly available information: 1) extract LTK,

2) extract the master key of KPAs, and 3) collect more than or equal tot LTK shares.

However, since all the following are infeasible by the Assumption 5.2, it is infeasible

for a user or the KGC to acquire any information that results in a legal LTK.

• To extractx from PKPAs = xPor anyxi from PKPAi = xiP, even thoughP is a public
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value.

• To extract thed(i)
ID from bid

(i)
ID = bixiQID . This is because extractingbi from

〈biP,biQID〉 is infeasible, even thoughP andQID are public.

• To extractdID from bdID . This is because to computeb from 〈bPKPAs,bQ〈ID,T〉〉
or sZ= bd〈ID,T〉 is infeasible, even thoughQ〈ID,T〉, PKPAs, andd〈ID,T〉 are already

known to the adversaries, a user and the KGC.

• To extractx for a user, who is an adversary trying to forge a LTK corresponding

to ID′, from his/her own LTKdID = xQID , althoughQID is already known.

The KGC may try to forge a LTK corresponding to an ID or a private key of a user

corresponding to〈ID,T〉 pair solely. However this is infeasible because it is infeasible

when a user and the KGC collude. A user may try to forge any LTK, STK, or a private

key corresponding to〈ID,T〉 on his/her own. However, a user cannot compute any LTK

or private keys of other users, because it is also infeasible when a user and the KGC col-

lude. Finally, a user may try to compute the STK from〈ID,T〉 using public information.

However, this is impossible because followings are infeasible by Assumption 5.2.

• To extracts from PKGC = sP, even thoughP is public.

• To computed〈ID,T〉 from sZ= bd〈ID,T〉. Because it is infeasible to extractb from

〈bPKPAs,bQ〈ID,T〉〉, although a user already knowsPKPAs andQ〈ID,T〉.

• To extracts for a user, who is an adversary trying to forge a STK corresponding to

〈ID′,T〉, from his/her own STKd〈ID,T〉 = sQ〈ID,T〉, even thoughQ〈ID,T〉 is already

known.

Additionally, the adversary, malicious user, may try to computexV usingV,PKPAi =

xiP andPKPAs = xP in order to escrow STK from verifiably encrypted STK. However,
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this is also infeasible by Assumption 5.2.

Therefore, LTK and STK cannot be forged by any other entities except more than or

equal tot KPAs and KGC respectively, and unforgeability property holds. Furthermore,

a private key of a user is only known to its legitimate owner assuming that more than

or equal tot KPAs do not collude, and privacy property holds. As a result, the lemma

holds.

Theorem 5.1. The advanced key issuing model satisfies all of our security requirements

against every possible adversary models.

proof. By Lemma 5.1 and 5.2, the key issuing model satisfies every security require-

ments. Therefore, the theorem holds.

5.3 Security against Private Key Leakage

In our scheme, a private key of a user is a bit concatenation of LTK and STK. As our

scheme exploits simple blinding technique in order to provide secure channel between

users and authorities, each secret value is only known to each responsible authority and

appropriate user. In this reason, even though one of private keys of a user is revealed, the

other keys of the user will be safe. Therefore an adversary, who knows a private key of a

userD〈ID,T〉 = dID +d〈ID,T〉, knows neither LTKdID nor STKd〈ID,T〉 and cannot compute

other private keys of the user,D〈ID,T ′〉 = dID +d〈ID,T ′〉. However, if the adversary collude

with the KGC, they can compute other private keys of the user. This is because the KGC

can compute any STKd〈ID,T〉 it wants. However, as the KGC is trusted authority, the

probability that this kind of attack happens is negligible.
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Chapter 6

Conclusion

In this paper, we have proposed a new efficient model for issuing private keys in IBE

scheme based on the Weil pairing. In our scheme, a private key is constructed using

two values that are issued by two different parties, namely KPAs and the KGC. The

KPAs issue LTK using the identity string of the user in a threshold manner, and the KGC

issues STK using the same information used to construct the LTK plus some dynamic

information.

When issuing the initial private key, our scheme provides similar level of efficiency

to other schemes. However, reissuing the private key by changing the dynamic infor-

mation is much more efficient than others. Therefore, our scheme is especially better

than other schemes when the user requires multiple private key. In addition to this, we

have eliminated the secure channel assumption by using a simple blinding technique.

We can also adapt Gentry’s time-slot based private key revocation approach more effi-

ciently than others. We believe that this would be a proper solution to solve the private

key revocation problem in IBCs. This is due to the fact that third-party queries used in

traditional PKI would offset the advantage of IBCs.

Finally, we have presented new encryption and signature schemes based on our key
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issuing model. The key issuing model also can be applied to other IBCs such as hier-

archical encryption, and so on. Therefore our scheme is very practical. However, the

proposed key issuing protocol generates a key which has a different form from Boneh

and Franklin’s [2]. Even though, we believe that many primitives intended to be oper-

ated in their setting are easily converted to ours, it would be more desirable if the new

secure key issuing protocol generates keys that are identical to Boneh and Franklin’s.
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Abstract

The main obstacle hindering the wide deployment of IBC (Identity-Based Cryptosys-

tem) is that the entity responsible for creating the private key can inherently decrypt any

ciphertexts and forge any signatures. One obvious solution to this problem is to apply

the threshold technique. However, this increases the authentication, pairing computa-

tion, and communication cost during the key issuing phase. In this paper, we propose a

new efficient model for issuing multiple private keys in IBC that also alleviates the key

escrow problem. In our model, the private key of a user is divided into two components,

LTK (Long-Term Key) and STK (Short-Term Key), which are issued separately by dif-

ferent parties. The LTK is issued in a threshold manner by KPAs (Key Privacy Agency),

whereas the STK is issued by a single authority called KGC (Key Generation Center).

A user can efficiently obtain a new private key containing the same identity informa-

tion by changing only the STK. We also give security proof of the key issuing model,

and present new IBE (Identity-Based Encryption) and IBS (Identity-Based Signature)

schemes based on our key issuing model.
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